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Fig. 1 Stress-strain curves of granite treated by high temperature under triaxial cyclic loading and unloading compression. (a) T = 25°C, σ3 = 0 MPa, (b) T = 25°C, σ3 = 40 MPa, (c) T = 600°C, σ3 = 0 MPa, (d) T = 600°C, σ3 = 40 MPa
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Fig. 2 Elastic modulus of granite after thermal treatment under different confining pressure varied with cycle number. (a) T = 25°C, (b) T = 300°C, (c) T = 600°C,
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[bookmark: OLE_LINK1]Fig. 3 Poisson’s ratio of granite after thermal treatment under different confining pressure varied with cycle number. (a) T = 25°C, (b) T = 300°C, (c) T = 600°C.
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Fig. 4 Axial plastic strain of granite after thermal treatment under different confining pressure varied with the maximum axial strain in each cycle. (a) T = 25°C, (b) T = 300°C, (c) T = 600°C.
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Fig. 5 Radial plastic strain of granite after thermal treatment under different confining pressure varied with the maximum axial strain in each cycle. (a) T = 25°C, (b) T = 300°C, (c) T = 600°C, (d) Partial enlarged drawing
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Fig. 6 Quantitative relationship of dissipated energy and strain energy of rock under triaxial compression
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Fig. 7 Variation of axial input energy, radial input energy, axial elastic strain energy, radial strain energy and dissipated energy of granite under triaxial cyclic loading after different high temperature treatment with cycle number (σ3 = 20MPa). (a) T = 25°C, (b) T = 300°C, (c) T = 600°C. σd and σs represent damage threshold and peak strength, respectively.
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Fig. 8 Variation of axial input energy, axial elastic strain energy and dissipated energy of granite under triaxial cyclic loading with cycle number (T = 25°C). (a) axial input energy, (b) dissipated energy, (c) axial elastic strain energy.
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Fig. 9 Variation of dissipated energy of granite under triaxial cyclic loading after different high temperature treatment with axial plastic strain. (a) T = 25°C, (b) T = 300°C, (c) T = 600°C
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Fig. 10 Evolution of AE and AAE of granite specimens under cyclic loading-unloading compression. (a) T = 25°C, σ3 = 0 MPa, (b) T = 25°C, σ3 = 40 MPa, (c) T = 600°C, σ3 = 0 MPa, (d) T = 600°C, σ3 = 40 MPa.























σ3= 30MPa

σ3= 20MPa

σ3= 10MPa

σ3= 0MPa

σ3= 0MPa

σ3= 40MPa

σ3= 30MPa

σ3= 40MPa

σ3= 20MPa

σ3= 10MPa


[image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ]






(b)


(a) 



[image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ]







(d)


(c)



[image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ]






(f)


(e) 



Fig. 11 Comparison of the ultimate failure model between triaxial monotonic and cyclic loading-unloading compression (a) T = 25°C, Monotonic loading, (b) T = 25°C, Cyclic loading-unloading, (c) T = 300°C, Monotonic loading, (d) T = 300°C, Cyclic loading-unloading, (e) T = 600°C, Monotonic loading, (f) T = 600°C, Cyclic loading-unloading.
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Fig. 12 Crack initiation of specimens containing pre-existing single fissure under triaxial compression. (a) α = 90°, σ3 = 0MPa, (b) α = 60°, σ3 = 20MPa, (c) α = 45°, σ3 = 10MPa.
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■ Experimental results
● Numerical results









Fig. 13 The loading and unloading process in PFC2D and the simulation results. (a) loading and unloading process, (b) comparison of the peak strength between experimental and numerical simulation results.
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Fig. 14 Comparison of crack propagation characteristic between cyclic and monotonic loading (T = 25°C, σ3 = 40 MPa). (a) Evolution of axial stress and number of cracks with axial strain, (b) variation of micro-crack with cycle number, (c) distribution of micro-crack under cyclic loading, (d) distribution of micro-crack under monotonic loading.
7 (peak strength)
8
5
12 (failure)
7 (peak strength)
12 (failure)
（c）
（d）
5
8











△
×
○
Intra-granular crack of cyclic loading
Inter-granular crack of cyclic loading
Intra-granular crack of monotonic loading
Inter-granular crack of monotonic loading
□















Cycle number
Number of cracks

（b）
ε1 / 10-3
Cyclic 
Monotonic 
σ1–σ3 / MPa

Number of cracks

（a）
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Table 1 Micro-parameters of intra-grain and inter-grain in the granite specimen


	Mico-parameters
	Value

	Micro-properties of the minerals
(particles and parallel bonds)
	Plagioclase
(59.85%)
	Quartz
(11.12%)
	Amphibole
(6%)
	Biotite
(21.25%)

	Particle radius, r (mm)
	0.15-0.245
	0.15-0.245
	0.15-0.245
	0.15-0.245

	Density, ρ (kg/m3)
	2600
	2650
	2600
	2850

	Particle-particle contact modulus, Ec(GPa)
	32
	40
	25
	15

	PBmodulus, (Gpa)
	32
	40
	25
	15

	Contact normal to shear stiffness ratio, kn/ks
	1.7
	1
	1.6
	1.1

	PBnormal to shear stiffness ratio, 
	1.7
	1
	1.6
	1.1

	Particle friction coefficient, μ
	1.2
	1.2
	1.2
	1.2

	PB reference gap, gr (mm)
	0.1
	0.1
	0.1
	0.1

	PB radius multiplier, 
	0.6
	0.6
	0.6
	0.6

	Moment contribution factor, 
	1
	1
	1
	1

	PB tensile strength, σn(MPa)
	106
	121
	106
	60

	
PB cohesion,  (MPa)
	276
	291
	276
	160

	
PB friction angle,, (°)
	50
	50
	50
	50

	Micro-properties of the mineral boundaries (smooth-joint contacts)

	SJ contact normal stiffness factor, sj_nsf
	0.6
	
	
	

	SJ shear normal stiffness factor, sj_ssf
	0.95
	
	
	

	SJ bond friction coefficient, sj_fric
	1.2
	
	
	

	SJ bond tensile strength, sj_ten (MPa)
	4
	
	
	

	SJ bond cohesion, sj_coh(MPa)
	60
	
	
	

	SJ bond friction angle, sj_φ
	50
	
	
	

	Thermal parameters
	
	
	
	

	Thermal expansion coefficients, K-1
	8.7×10-6
	24.3×10-6
	28×10-6
	3.0×10-6

	Thermal conductivity coefficient, W/m°C
	3.5
	3.5
	3.5
	3.5

	Heat at constant volume, J/kg°C
	1015
	1015
	1015
	1015
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